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Heterogeneous catalysis is widely applied in industry due to important advantages it offers to chemical 
processes such as improved selectivity and easy catalyst separation from reaction mixture, reducing pro- 
cess stages and wastes. This is the reason why nowadays heterogeneous catalysts are being developed 
to produce biodiesel. Several catalytic materials have been showed in bibliography: acid solids capable 
to carry out free fatty acids esterification reaction, base solids which are able to carry out triglycerides 
transesterification reaction and bifunctional solids (acid-base character) which show ability to simulta- 
neously catalyze esterification and transesterification reaction. This review discusses the latest advances 
in research and development related with heterogeneous catalysts used to produce biodiesel. 
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1. Introduction 


Nowadays, the world’s total energy output is mainly generated 
from fossil fuels and experts have warned about the depletion of 
this actual source in the near future. Besides, the increasing envi- 
ronmental impact care has imposed restrictions on fuel combustion 
emissions. These facts have stimulated the alternative sources 
for fossil fuel development. One of the most promising sources 
is biodiesel, an alternative diesel fuel derivate from renewable 
sources with high quality, which allows the substitution of fos- 
sil diesel oil without engine modifications [1,2]. Biodiesel shows a 
favorable combustion emission profile, producing much less car- 
bon monoxide, sulfur dioxide and unburned hydrocarbons than 
petroleum-based diesel fuel [3,4]. 

Biodiesel can be chemically defined as a fuel composed 
of mono-alkyl esters of long chain fatty acids derived from 
renewable sources, such as vegetable oils and animal fats [5]. Sev- 
eral vegetable oils varieties such as canola, palm, palm kernel, 
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sunflower and coconut oil have been studied as feedstocks for 
biodiesel production. The main disadvantage concerning about 
biodiesel production from these feedstocks is the high price of com- 
bustible vegetable oils compared to that of fossil based diesel fuel. 
As aresult, non-edible oils such as Jatropha or waste cooking oils are 
preferred for biodiesel production due to their low price [6]. New 
generation biodiesel intends to derive raw material from algae and 
other renewable feedstock which will provide sustainability to the 
whole biodiesel production process needed to adequately justify 
the biodiesel industry [7]. 

For commercial fuel use, the finished biodiesel must be ana- 
lyzed using sophisticated analytical equipment to ensure it meets 
international standards. A few specifications have been set but the 
ASTM D 6751 and EN 14214 standards are the most commonly used 
standards [2]. 

There are several methods for biodiesel production and applica- 
tion: direct use of vegetable oil, microemulsions, thermal cracking 
(pyrolysis) and transesterification [8]. Direct use of vegetable oil is 
not applicable to most of actual diesel engines, as the high viscosity 
would damage the engine. Biodiesel obtained from microemulsion 
and thermal cracking methods would lead to incomplete combus- 
tion due to a low cetane number. Transesterification is the most 
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Fig. 1. Triglycerides transesterification reaction with methanol. 


common method for biodiesel production due to its simplicity and 
it has been widely studied and industrially used to convert veg- 
etable oil into biodiesel [9]. 

Transesterification is the reaction process by means of which 
triglyceride molecules present in animal fats or vegetable oils react 
with an alcohol in the presence of a catalyst to form esters and 
glycerol (Fig. 1). When the transesterification reaction with alcohol 
proceeds, the first step is the triglycerides to diglycerides con- 
version, which is followed by the subsequent higher glycerides 
to lower glycerides conversion and then to glycerol, yielding one 
methyl ester molecule from each glyceride at each step (Fig. 2) 
[10,11]. 

Different types of alcohols such as methanol, ethanol, propanol 
and butanol can be used in order to produce biodiesel. However, 
methanol and ethanol are the most widely used. When methanol 
is used as reactant, reaction product will be a fatty acid methyl 
esters mixture (FAME), whereas if ethanol is used as reactant, a 
fatty acid ethyl esters mixture (FAEE) will be obtained. Neverthe- 
less, methanol is commonly used in biodiesel production due to its 
low cost and industrial availability [12]. 

The catalyst presence is necessary to increase the reaction rate 
and the transesterification reaction yield. Catalysts mainly used 
can be classified attending to its chemical presence in the trans- 
esterification reaction: homogeneous or heterogeneous catalysts. 
Homogeneous catalysts act in the same liquid phase as the reaction 
mixture, whereas heterogeneous catalysts act in a different phase 
from the reaction mixture, usually as a solid. Currently, homoge- 
neous catalysts applications due to their simple usage and less time 
required for oil conversion dominate the biodiesel industry. The 
widely used alkaline catalysts, NaOH and KOH, are easily soluble 
in methanol, forming sodium and potassium methoxide, respec- 
tively, catalytic species that lead the reaction to completion. The 
advantage of this process is the methyl esters production obtaining 
very high yields under mild conditions and that reaction generally 
takes short time for completion [7,13]. However, base catalyzed 
transesterification needs a high purity feedstock. Triglycerides and 
alcohol must be anhydrous in order to prevent undesirable saponi- 
fication reactions (Fig. 3). Furthermore, triglycerides should have 
a strict low free fatty acids (FFA) proportion as these react with 
the alkaline catalyst and forms soaps (Fig. 4). The soap formation 
consumes the catalyst and decreases the ester yields. Moreover, 
the soap formed during the reaction prevents glycerol separation 
from biodiesel [14]. From a large scale industrial production point of 
view biodiesel manufacturing by homogeneously catalyzed trans- 
esterification reaction shows great disadvantages: production costs 
are high as the processes involve washing and purification steps in 
order to meet the stipulated biodiesel quality, it is quite difficult to 
remove K/Na traces remaining in the biodiesel product and glycerol 
separation process needs improvements. Besides, high amounts of 
water are needed in washing and consequent waste water treat- 
ment of the effluent adds to the overall process cost [15]. 

Homogeneous catalyzed transesterification downstream pro- 
cessing disadvantages have motivated intense research on 
heterogeneous catalyzed transesterification methods. In general, 
the heterogeneous catalyzed biodiesel production processes have 
less number of unit operations, with simple product separation 
and purification steps and no neutralization process is required 
[16]. The effectiveness of the heterogeneous catalytic conversion 


depends on the activity of the solid catalyst used. Three types 
of inorganic solid catalysts can be used to catalyze transesterifi- 
cation reaction: acidic character, basic character or bifunctional 
(acidic—basic character) solids. 

In general, solid base catalysts are more active than solid acid 
catalysts requiring relatively shorter reaction times and lower reac- 
tion temperatures [17]. However, solid acid catalysts have several 
advantages over solid base catalysts such as the reaction is less 
affected by the presence of water and free fatty acids (FFA) [18]. 
The main advantage of solid acid catalysts is its ability to carry 
out the esterification of free fatty acids (Fig. 5), however the main 
advantage of solid base catalysts is its ability to carry out the trans- 
esterification of triglycerides. New trends are oriented toward the 
search for new solid catalysts that can simultaneously carry out 
esterification and transesterification reaction steps. 

The present review discusses recent research related to several 
solid catalysts used in the esterification/transesterification reaction 
to produce biodiesel. Moreover, the main objective of this paper 
is to give an overview on the advancement of new solid catalysts 
for biodiesel production, performing simultaneously esterification 
and transesterification reaction. Besides, optimal reaction condi- 
tions exposed in bibliography for each bifunctional solid catalyst 
are presented. 


2. Transesterification reaction by heterogeneous catalysts 


Currently, transesterification reaction using basic catalysts is the 
most extended process to produce biodiesel. In this process it is 
necessary to use feedstocks (vegetable oils or animal fats) which 
present low free fatty acids content. When the raw materials con- 
tain high percentage of free fatty acids or water, the alkali catalyst 
reacts with the free fatty acids to forms soaps and the water can 
hydrolyze the triglycerides into diglycerides and form more free 
fatty acids [2]. 

Although in the last year some reviews about heterogeneous 
basic catalysts have been published [7,19], in this work only the lat- 
est effective catalysts for obtaining high FAME yields at low reaction 
temperatures will be discussed (Table 1). 

Metal oxides are the basic heterogeneous catalysts group most 
studied. There are several metal oxides that have been studied in 
bibliography: calcium oxide, magnesium oxide, strontium oxide, 
mixed oxides and hydrotalcites. 

CaO is the most widely used as a solid basic catalyst as it 
presents many advantages such as long catalyst life, high activ- 
ity and requires only moderate reaction conditions [5]. Beside, CaO 
has attracted much attention due to the fact that there are several 
natural calcium sources from wastes, such as egg shells or mollusk 
shells. These shells are composed of calcium carbonates that are 
calcined in order to produce basic calcium oxide that can be used 
as a catalyst for the production of biodiesel [20,21]. Yoosuk et al. 
[22] have also used a calcite natural source to produce CaO. This nat- 
ural source is cheap, it shows high basicity and it is environmental 
friendly. They demonstrated that hydration and subsequent ther- 
mal decomposition is an effective method to increase the activity of 
calcined natural calcite. This technique generates a calcium oxide 
with excellent textural properties and a large number of basic sites. 

However, most researchers use neat CaO [23,24] or CaO from 
thermal decomposition of commercially available calcium salts 
such as calcium carbonate, calcium acetate, calcium oxalate and 
calcium nitrate [25-27]. All authors agree on obtaining good FAME 
yields using relatively low reaction temperatures, between 50 and 
80°C. However, the major inconvenience presented by the calcium 
oxide is that it requires a thermal activation in order to remove the 
adsorbed CO; and moisture. Then it is necessary to work under vac- 
uum or nitrogen flow conditions in order to avoid its carbonation. 


Table 1 
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Basic solids as catalysts for transesterification reaction. 
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Catalyst 


Feedstock 


Optimum reaction conditions 


Biodiesel FAME yield 


Refs. 


CaO from waste shells of mollusk and egg 


CaO from eggshells 


CaO from natural calcites 


CaO 


CaO 


CaO (from CaCO3) 


KF/CaO 


KNO3/CaO 


CaO/ZnO 


CaO/Al203 


CaO/Fe3 04 


Li/MgO 


KOH/MgO 


KI/Mg-Al mixed-metal oxides 


Dolomite 


Dolomite 


CaMgoO and CaZnO 


KF/Ca-Al hydrotalcite 


Mg-Al hydrotalcites commercial 


Mg-Al hydrotalcite 


Mg-Al hydrotalcite 


CaO/mesoporous silica 


Sodium silicate 


Phosphazenium hydroxide/SiO2 


Palm olein oil 


Palm oil 


Palm olein oil 


Sunflower oil 


Sunflower oil 


Palm olein oil 


Chinese tallow seed oil 


Rape oil 


Ethyl butyrate 


Palm oil 


Jatropha curcas oil 


Soybean oil 


Mutton fat 


Soybean oil 


Palm kernel oil 


Canola oil 


Jatropha curcas oil 


Palm oil 


Sunflower oil 


Soybean oil 


Jatropha oil 


Soybean oil 


Soybean oil 


Soybean oil 


T=60°C,t=2h 
Methanol/oil = 18:1 
Catalyst amount = 10 wt.% 
T=65°C,t=2h 
Methanol/oil = 12:1 
Catalyst amount = 1.5 wt.% 
T=60°C, t=45 min 
Methanol/oil = 15:1 
Catalyst amount =7 wt.% 
T=80°C, t=5.5h 
Methanol/oil =6:1 
Catalyst amount = 1 wt.% 
T=75°C, t=45 min 
Methanol/oil = 4:1 
Catalyst amount = 1.2 wt.% 
T=60°C,t=1h 
Methanol/oil = 15:1 
Catalyst amount =7 wt.% 
T=65°C, t=2.5h 
Methanol/oil = 12:1 
Catalyst amount = 4 wt.% 
T=65°C, t=3h 
Methanol/oil =6:1 
Catalyst amount = 1 wt.% 
T=60°C, t=2h 
Methanol/oil = 12:1 
Catalyst amount = 1.3 wt.% 
T=64.29°C, t=5h 
Methanol/oil = 12.14:1 
Catalyst amount = 5.97 wt.% 
T=70°C, t=80min 
Methanol/oil = 15:1 
Catalyst amount =2 wt.% 
T=60°C,t=2h 
Methanol/oil = 12:1 
Catalyst amount =9 wt.% 
T=65°C, t=20min 
Methanol/oil = 22:1 
Catalyst amount = 4 wt.% 
T=70°C,t=8h 
Methanol/oil = 20:1 
Catalyst amount =5 wt.% 
T=60°C, t=3h 
Methanol/oil = 30:1 
Catalyst amount = 6 wt.% 
T=67.5°C,t=3h 
Methanol/oil =6:1 
Catalyst amount = 3 wt.% 
T=65°C, t=6h 
Methanol/oil = 15:1 
Catalyst amount = 4 wt.% 
T=65°C,t=5h 
Methanol/oil = 12:1 
Catalyst amount =5 wt.% 
T=60°C, t=24h 
Methanol/oil = 12:1 
Catalyst amount =2 wt.% 
T=230°C,t=1h 
Methanol/oil = 13:1 
Catalyst amount =5 wt.% 
T=45°C, t=1.5h 
Methanol/oil = 4:1 
Catalyst amount = 1 wt.% 
T=60°C, t=8h 
Methanol/oil = 16:1 
Catalyst amount =5 wt.% 
T=60°C,t=1h 
Methanol/oil =7.5:1 
Catalyst amount =3 wt.% 
T=75°C,t=12h 
Methanol/oil = 60:1 
Catalyst amount ~ 3.8 wt.% 


>90% 


98% 


95.7% 


91% 


80% 


93.9% 


96.8% 


98% 


>90% 


98.64% 


95% 


93.9% 


>98% 


>90% 


98.0% 


91.78% 


>80%7 


97.98% 


50%? 


90%? 


95.2% 


95.2%? 


~100% 


~90%? 


20] 


21] 


22] 


23] 


24] 


26] 


28] 


29] 


30] 


31] 


32] 


33] 


34] 


35] 


37] 


38] 


39] 


40] 


42] 


43] 


44] 


45] 


46] 


47] 


a Presented by authors as “conversion” in bibliography. 
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Fig. 2. Transesterification reaction steps. 
CH2—-O 
CHz-O-CO-Ri H,O 2-OH 
PAOR + 3KOH ~~ 3R-CO-O-K* + CH-OH 
CH,-O-CO-R; CH2-OH 
Triglycerides Catalyst Potassium soap Glycerol 
Fig. 3. Triglycerides saponification reaction. 
H0 
R-O-CO-} + KOH ———* R-CO-O-K* + H20 
Fatty acids Catalyst Potassium soap Water 
Fig. 4. FFA neutralization reaction. 
Catalyst 
(Acid) 
R-O-CO-H + CH3-OH > CH;-O-CO-R- + H20 
Fatty acids Methanol Methylester Water 


Fig. 5. Esterification reaction. 


Adding a metallic element on its surface can increase the basic 
character shown by CaO. Wen et al. [28] prepared KF/CaO using 
impregnation method, obtaining 96% FAME yield for biodiesel pro- 
duction from Chinese tallow seed oil at 65°C. Encimar et al. [29] 
developed CaO impregnated with KNO3, reaching 98.5% FAME yield 
when the transesterification reaction was carried out at 65 °C using 
rape oil as feedstock. 

CaO has been studied using it with other oxide compounds. 
Alba-Rubio et al. [30] studied CaO supported on zinc oxide as basic 


catalysts for transesterification processes. This supported CaO cat- 
alyst, thermally activated at 800°C, can give rise to biodiesel yields 
higher than 90% after 2 h of reaction at 60°C reaction temperature. 

Zabeti et al. [31] studied the optimization of the methyl ester 
yield produced via transesterification of palm oil using CaO sup- 
ported on alumina. The optimum reaction conditions obtained 
were approximately 12:1 alcohol/oil molar ratio, 6wt.% cata- 
lyst amount, 5h reaction time and 65°C reaction temperature; 
under these conditions the FAME yield achieved was 98.64%. The 
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catalyst was reusable and the catalyst activity was sustained after 
two cycles. 

Nanometer magnetic solid base catalysts were prepared by 
loading CaO on Fe30, [32]. The influence of the proportion of Ca2* 
to Fe30,4 on the catalytic performance was studied. The catalyst 
with the highest activity was obtained when the proportion Ca2* 
to Fe304 was 7:1; under the conditions of 15:1 methanol/oil molar 
ratio, 2 wt.% catalyst dosage and at 70°C reaction temperature, the 
biodiesel yield reached was 95% in 80 min. 

Magnesium oxide has also shown to possess catalytic activity for 
biodiesel synthesis. Magnesium oxide, produced by direct heating 
of magnesium carbonate or magnesium hydroxide, has the weak- 
est basic strength and solubility in methanol among group II oxides 
[6]. In order to increase its basicity, MgO has been loaded with an 
active metal. Wen et al. [33] prepared a Li-doped MgO for biodiesel 
synthesis. The results showed that the formation of strong base 
sites is particularly promoted by the addition of Li, thus resulting 
in an FAME yield increase. The catalyst with 0.08 Li/Mg molar ratio 
calcined at 550°C exhibits the highest FAME yield (93.9%) at 60°C 
using 12:1 methanol/oil molar ratio and 9 wt.% catalyst amount. On 
the other hand, Mutreja et al. [34] prepared potassium hydroxide 
impregnated MgO as heterogeneous catalyst for the transesterifi- 
cation of mutton fat. Impregnation with 20 wt.% KOH increases the 
basic strength of MgO. Transesterification of mutton fat with 22:1 
methanol/fat molar ratio at 65°C resulted in a 98% conversion in 
20 min. 

Mixed-metal oxide systems can offer interesting properties, 
especially when each component differs remarkably from each 
other. For example, the combination of two oxides (alumina and 
magnesia) may establish new acid-base properties. The acid-base 
properties of alumina depend very much on the synthesis condi- 
tions and post-synthesis treatment. On the other hand, magnesia 
features a unique basic characteristic. Besides, the use of mixed- 
metal oxide as a support can introduce an interesting range of 
properties [35]. 

Fraile et al. [36] prepared several M(II)/M(III) mixed oxides 
where M(II) was Mg or Zn and M(III) was Al, Ga or La. These cat- 
alysts were tested in the sunflower oil transesterification reaction 
with methanol and methyl palmitate transesterification reaction 
with isobutanol. Results indicated that the strong basicity in mixed 
oxides was always connected to the presence of alkaline metals, 
independently of the M(II) and M(III) nature. 

Tantirungrotechai et al. [35] synthesized via sol-gel a series of 
Mg-Al mixed-metal oxides with Mg/Al ratios in the range 0.125-8. 
These mixed oxides were also impregnated with KI in order to 
increase their base strength and their activities for soybean oil 
transesterification reaction with methanol. The KI impregnated 
Mg-Al mixed-metal oxide at 4:1 Mg/Al ratio was the most efficient 
catalyst for transesterification reaction at 70°C reaction tempera- 
ture (>90% conversion after 8 h). 

Ngamcharussrivichai et al. [37] studied the transesterification 
reaction of palm kernel oil with methanol over dolomite. Dolomite, 
mainly consisting of CaCO3 and MgCO3, is a good heterogeneous 
base catalyst. The calcination of dolomite at 800°C resulted in a 
Ca/Mg mixed oxide that presented activity for the methyl esters 
formation reaction at 60 °C reaction temperature. The reusability of 
calcined dolomite is minor than one showed for CaO. Ilgen [38] also 
conducted a study about the catalytic activity of dolomite. The het- 
erogeneously catalyzed transesterification of canola oil was carried 
out using this mixed oxide as the catalyst to produce biodiesel. The 
FAME yield reached over 90% using calcinated (850°C) dolomite 
when the reaction was carried out at methanol reflux temperature, 
with a 6:1 methanol/oil molar ratio, a 1.5 wt.% catalyst amount and 
3h reaction time. 

Others calcium-based mixed oxides catalysts (CaMgO and 
CaZnO) have been investigated by Taufiq-Yap et al. [39] for the 


Jatropha curcas oil transesterification reaction from with methanol. 
Both CaMgO and CaZnO catalysts were prepared by coprecipitation 
method using the corresponding mixed metal nitrate solution in 
presence of a soluble carbonate salt. Their catalytic activities were 
compared with CaO. Both CaMgO and CaZnO catalysts showed high 
activity as CaO and they were easily separated from the product. 
Besides, CaMgO was found more active than CaZnO under the suit- 
able transesterification conditions at 60°C (4 wt.% catalyst amount, 
15:1 methanol/oil molar ratio and 6h reaction time), achieving 
a conversion higher than 80%. Using CaO as catalyst the reaction 
conversion decreased significantly after being reused for forth run, 
whereas using CaMgO and CaZn0O as catalyst the conversion slightly 
decreased after sixth run. 

Additionally, layered double hydroxide (LHDs) with general for- 
mula [Ma x) Mx? (OH), PA win - yH20, which is also called as 
hydrotalcite or hydrotalcite-like compound have shown to be suit- 
able catalyst for the transesterification reaction. The hydrotalcite 
structure is based upon layered double hydroxides with brucite like 
(Mg(OH)2) hydroxide layers containing octahedrally coordinated 
M?* and M?* cations. Hydrotalcites have been selected as catalyst 
of interest for transesterification reaction because of its strong sur- 
face basicity, high surface area and pore volume [40,41]. Navajas 
et al. [42] investigated a series of commercial Mg-Al hydrotalcites 
as catalyst for transesterification reaction concluding that their 
catalytic activity was modest compared with the results reported 
in the literature for hydrotalcites synthesized at the laboratory 
by coprecipitacion method. Moreover, Silva et al. [43] indicated 
that further investigations on experimental conditions optimiza- 
tion using hydrotalcite catalysts are still needed in order to improve 
the biodiesel production process due to high reaction temperatures 
are required. However, Deng et al. [44] obtained good FAME yields 
when hydrotalcite particles were used as heterogeneous catalyst 
in the transesterification reaction using an ultrasonic reactor. Gao 
et al. [40] also obtained high FAME yield using KF/Mg-Ca hydrotal- 
cite as solid base catalyst in the palm oil transesterification reaction 
with methanol. 

Moreover, the use of silica or silicates is taking great interest on 
the transesterification reaction for biodiesel production. 

Calcium has been also supported on mesoporous silica. Samart 
et al. [45] studied the transesterification reaction of soybean oil 
with CaO/mesoporous silica. The optimized conditions found to be 
15 wt.% Ca loading on the mesoporous silica, 5 wt.% catalyst amount 
and 60°C reaction temperature for 8h, providing a 95.2% FAME 
yield. 

Guo et al. [46] examined the use of calcined sodium silicate as 
a solid base catalyst in the transesterification of soybean oil with 
methanol at 60°C, achieving high activity with 4.0 wt.% water or 
2.5 wt.% FFA contained in soybean oil. However, a considerable loss 
in catalytic activity was observed when the catalyst was recycled 
for more than five times. Hence, as sodium silicate is a low-cost 
solid base catalyst, it can also be used in the transesterification of 
crude oil containing amounts of water and FFA. 

Kim et al. [47], investigated the catalytic activity of a phos- 
phazenium hydroxide incorporated onto silica as catalyst for 
vegetable oils transesterification with methanol in a 55-75 °C reac- 
tion temperature range. The catalyst exhibited high activity due 
to its strong basicity, achieving approximately 90% conversion at 
75°C. 

The major drawback of the catalysts discussed is its unsuitability 
toward very high FFA content feedstocks and soaps can be pro- 
duced. In this regard, the oil feedstock would need to be pre-treated 
in order to reduce its high FFA content. Other alternative could be 
the usage of a two-step catalytic process (a first step in which FFA 
were converted by the use of an acid catalyst and a second step in 
which a base catalyst was used to convert triglycerides to FAME) 
or the use of bifunctional catalysts (those that catalyze both free 
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fatty acids esterification reaction and triglycerides transesterifica- 
tion reaction at the same time). 


3. Esterification reaction by heterogeneous catalysts 


The cost of raw materials (mainly triglycerides) in biodiesel 
industry represents the main production cost. However, it is pos- 
sible to use low cost feedstocks, like non-edible oils, fried waste 
oils and animal fats which could be converted to biodiesel, thus 
decreasing production costs and performing a more environmen- 
tal friendly biodiesel production process. The main problem of 
processing low cost feedstock lies in their large amount of free 
fatty acids that cannot be converted into biodiesel using a basic 
catalyst. Free fatty acids can react with the basic catalyst (neu- 
tralization reaction), accelerating the basic catalyst deactivation. 
Consequently, FFA contained in used vegetable oil should be previ- 
ously removed or converted to FAME join to biodiesel production 
process [48,49]. 

A previous free fatty acids esterification reaction is an alterna- 
tive process to transesterification reaction when low-quality oils 
and fats are used as feedstocks. Esterification is normally carried 
out in a homogeneous phase in the presence of acid catalysts 
such as H2SOq, HF, H3PO,4, HCl and p-toluene sulfonic acid [50,51]. 
However, the use of these catalysts is dangerous because they 
are hazardous and corrosive liquid acids. Therefore, acid hetero- 
geneous catalysts can be considered as an alternative to minimize 
environmental damage and reduce biodiesel cost [52]. 

The following section will give an overview of the recent 
research related to acid heterogeneous catalysts studied in the 
esterification reaction to produce biodiesel. 

Several acid solids have been tested in the FFA esterification 
reaction, such as: zirconium oxide, titanium oxide, tin oxide, sul- 
fonic ion-exchange resin, sulfonic modified mesostructure silica, 
sulfonated carbon-based catalyst, heteropolyacids (HPAs) [12]; 
however in the last year the use of aluminosilicates (mordenita, 
halloysite, kaolinite), zirconium oxides and cation-exchange resins 
as heterogeneous acid solids is an important issue. 

SathyaSelvabala et al. [53] demonstrated that H-Mordenite 
(Al/Si ratio = 19) treated with phosphoric acid is an efficient alterna- 
tive to homogeneous acid catalyst for esterification of FFA in neem 
oil. During phosphoric acid modification hydrophobic character 
and weak acid sites of the mordenite were increased, which lead to 
better esterification when compared to H-mordenite. The esterifi- 
cation process analyzed in that study showed that the amount of 
FFA was reduced from 24.4 to 1.8 mg KOH/g oil. The optimum reac- 
tion parameters were found to be: 6:1 methanol/oil molar ratio; 1% 
catalyst loading and 60°C reaction temperature. 

Zatta et al. [54] investigated the methylic and ethylic esterifica- 
tion of lauric acid using raw halloysite as heterogeneous catalyst. 
The reactions were conducted at several alcohol:lauric acid molar 
ratios and catalyst proportions, at 160°C for 2h in a pressurized 
steel reactor. Halloysite produced a lauric acid conversion of 95.02% 
and 87.11% for the methylic and ethylic esterifications, respectively. 
The results showed that halloysite is a promising inexpensive and 
reusable material for esterification reactions involving fatty acids. 

Nascimento et al. [52] prepared catalysts for esterification of 
oleic acid with methanol from two Amazon kaolins (Century and 
flint) and two standard kaolins. Sample of kaolinites were thermally 
treated at 950°C, providing metakaolins samples, and leached with 
4M sulfuric acid solutions. The acidity evaluation of the acid- 
activated metakaolins confirmed the presence of both Bronsted and 
Lewis acid sites, with Century metakaolin presenting the highest 
values. All of the metakaolins studied showed catalytic activity for 
the esterification of oleic acid with methanol. The analysis of con- 
version values obtained revealed a correlation with Al content and 


acidity for each prepared sample. From these results, kaolin could 
be considered a promising material for the production of catalysts 
for the esterification of oleic acid with methanol. 

However, the usage of zirconium oxides as a solid acid for esteri- 
fication reaction is the most extended. This support is the most used 
for esterification reaction due to its high number of Brénsted acid 
sites. The number of Bronsted acid sites is an important criterion 
for selection of an efficient support [55]. 

Tungsten oxide zirconia was examined as catalyst for used veg- 
etable oils conversion to fatty acid methyl esters achieving high 
activity and no leaching [49,56]. Among the WO3/ZrO2 catalysts 
with several WO3 loading amount from 10 to 30wt.%, 20wt.% 
WO3/ZrOz showed the highest catalytic activity. The strong acidity 
of this catalyst is one of the reasons for its high catalytic activity. 

Kim et al. [57], have developed a class of zirconia supported 
metaloxide catalysts in order to use brown grease (acid value: 
178 mg KOH/g) for obtaining biodiesel. High FAME yields through 
esterification of FFA were achieved. In particular, a ZnO/ZrO2 
catalyst showed a high FAME yield and displayed high durabil- 
ity. The total acid number measured for the product converted 
over ZnO/ZrOz, was 12mgKOH/g, representing a FAME yield 
of 78%. 

Rattanaphra et al. [58] studied myristic acid esterification with 
methanol in presence of triglycerides using sulfated zirconia as het- 
erogeneous catalyst. It could be seen that when the concentration of 
myristic acid methyl ester was increased, a dramatic decrease in the 
FFA concentration during the first 20 min was observed. Sulfated 
zirconia can be classified as a heterogeneous superacid catalyst. It 
has recently received considerable attention as a promising cat- 
alyst for industrial processes due to its strong acid properties. It 
also shows higher acid strength than heteropolyacid, suflonic ion- 
exchange resins and other heterogeneous acid catalysts [59,60], 
however, the leaching of sulfate groups was observed when the 
catalyst was used several times. 

Although ZrOz has showed a good performance as support for 
esterification reaction using low cost feedstocks that often con- 
tained high levels of free fatty acids, its cost is prohibitively high 
for use in biodiesel production, as zirconium is a rare and costly 
metal. Therefore, it will be necessary to find a cheaper and available 
support which present strong acidity. 

Furthermore, cation-exchange resins as solid acids can be used 
as heterogeneous catalyst for esterification reaction. Their catalytic 
activity strongly depends on their swelling properties because 
the swelling capacity controls reactants accessibility to the acid 
sites and, therefore, affects their overall reactivity [18]. Addition- 
ally, cation-exchange resins can offer better selectivity toward the 
desired products and better reusability compared to homogeneous 
acid catalysts. Feng et al. [61] used three cation-exchange resins 
in order to examine their activity on the esterification reaction of 
acidified oil. The highest FFA conversion obtained was approxi- 
mately 90% using a resin that showed excellent reusability. This 
cation-exchange resin was used as solid acid catalyst in a fixed 
bed reactor to carry out the continuous esterification reaction of 
acidified oil with methanol [62]. High FFA conversion and opera- 
tional stability was observed and the loss of sulfonic acid groups 
from the cation-exchange resin during continuous esterification 
was not found. The use of Amberlysts, acid ion-exchange resins, 
has also been widely studied on esterification reaction to produce 
biodiesel [63-66]. 

In general, as can be found in bibliography, high reaction 
temperatures are needed to carry out the FFA esterification to 
FAME (Table 2); as an alternative procedure, the use of hetero- 
geneous catalysts for both transesterification and esterification 
reaction is being increasingly studied with the possibility of 
using at lower temperatures than those used in the esterification 
reaction. 
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Table 2 

Acids solids as catalysts for esterification reaction. 
Catalyst Feedstock Reaction temperature Refs. 
Kaolins Oleic acid 160°C [52] 
Raw halloysite Lauric acid 160°C [54] 
WO3/ZrO2 Waste acid oil 150°C [56] 
ZnO/ZrO2 Brown grease 200°C [57] 
S04? /ZrO2 Rapeseed oil + miristic acid 120-170°C [58] 
Ionic exchange resin Soybean oil + oleic acid 100°C [63] 
Amberlyst Soybean oil + oleic acid 80°C [64] 
Amberlyst Cooking sunflower oil + acid oleic 100°C [66] 


4. Simultaneous esterification and transesterification 
reaction by heterogeneous catalysts 


Due to high FFA content in low cost feedstocks, the alkali cat- 
alyzed transesterification reaction to produce biodiesel gives low 
biodiesel yield because FFA reacts with alkali to form soap, result- 
ing in serious emulsification and separation problems. To solve this 
problem, production of biodiesel by a two-step catalytic process has 
been recently developed. In a first step, a feedstock pretreatment 
is performed in which the free fatty acid content is reduced by the 
use of an acid catalyst such as sulfuric acid or ferric sulfate and in 
a second step a basic catalyst is used to produce biodiesel [67-69]. 
Wang et al. [70] and Patil et al. [71] carried out a two-step FAME 
production process in order to convert waste cooking oil to methyl 
esters. The process involved the esterification reaction (FFA conver- 
sion to FAME) using ferric sulfate following by transesterification 
(triglycerides conversion to FAME) using KOH. 

However, the two-step method also faces the problem of cata- 
lyst removal in both steps. The catalyst removal problem in the first 
step can be avoided by neutralizing the acid catalyst, using extra 
alkaline catalyst in the second step. However, the use of extra cat- 
alyst will increase the cost of biodiesel production. Generally, the 
residue of either alkaline or acidic catalyst in the biodiesel product 
can cause engine problems. Alkaline catalyst can produce higher 
levels of incombustible ash and acid catalyst attacks engine metal- 
lic parts. Therefore, both catalysts must always be eliminated from 
the biodiesel when the reaction is completed [1,72]. 

In order to avoid these problems and due to the fact that the 
main advantage of solid acid catalysts is its ability for free fatty 
acids esterification and the main advantage of solid basic catalysts 
is its ability to carry out the transesterification of triglycerides, it 
would be suitable to find a solid catalyst which acts as an acid anda 
base at the same time. The bifunctional solid catalysts are presented 
as an alternative to the biodiesel production in order to develop 
simultaneously the esterification and transesterification reaction. 
The new bifunctional heterogeneous catalysts developed in the last 
year are studied below. 

Kondamudiet al. [14] tested the catalytic activity of Quintinite- 
3T as bifunctional heterogeneous catalyst that converts FFA and 
triglycerides simultaneously into biodiesel. The catalyst was pre- 
pared by sol-gel process and tested for soy, canola, coffee and waste 
vegetable oils with variable amounts of FFA (0-30 wt.%). The cata- 
lyst successfully converted both FFA and triglycerides a single step 
batch reactor. 

Salinas et al. [73] studied potassium supported on titania as cat- 
alyst for the production of biodiesel from canola oil. It was found 
that low loadings of potassium lead to the formation of weak basic 
sites on the acid support (titania). This catalyst presented interest- 
ing activities and it showed a robust character since no need for 
in situ pre-treatment or inert reaction environment were needed. 

Wen et al. [74] prepared MgO/TiOz mixed oxide catalysts by 
the sol-gel method and these catalysts were successfully used for 
biodiesel production. The addition of Ti resulted in the substitu- 
tion of Ti ions for Mg ions in the magnesia lattice, thus leading 


to defects on the catalyst surface. These defects can improve the 
stability while maintaining an acceptable catalytic activity in the 
transesterification reaction for the biodiesel production. The best 
catalyst was determined to be 1 Mg/Ti molar ratio calcined at 923 K, 
based on an assessment of the activity and stability of the catalyst. 
Its catalytic activity decreased slowly within the reuse processes. 
However, after regeneration, its activity was slightly increased 
compared with the fresh catalyst activity due to an increase in the 
specific surface area and average pore diameter. This mixed oxides 
catalyst, MgO/TiO2, showed high potential in large-scale biodiesel 
production from waste cooking oil. 

Macario et al. [75] studied the transesterification of triglycerides 
contained in waste oilseed fruits with methanol in heteroge- 
neous/homogeneous systems using acid and basic catalysts. The 
acid catalysts (strong acid catalysts: USY, BEA, FAU-X, and weak 
acid catalysts: MCM-41 and ITQ-6) were prepared by hydrother- 
mal synthesis procedures. In order to obtain acid-base catalysts, 
potassium was loaded on different materials by ionic exchange 
(obtaining K-MCM-41 and K-ITQ-6). K-ITQ-6 catalysts achieved the 
highest triglycerides conversion and biodiesel yield values, after 
24h of reaction at 180°C. Modification of ITQ-6 surface with K* 
ions produced a catalyst with weak Bronsted acid sites and basic 
sites, responsible of its catalytic activity in triglycerides transes- 
terification and FFA esterification. The catalyst is active toward the 
conversion of waste oil with high free fatty acid contents (5.58%) 
without formation of undesired by-product (soap-compounds) 
and it promotes a simultaneous homogeneous/heterogeneous and 
acid/base catalysis. Deactivation of this catalyst occurs due to potas- 
sium leaching, but its regeneration and reuse are feasible and easy 
to perform. 

Cannilla et al. [76] reported the use of a novel MnCeOx sys- 
tem in the refined sunflower oil transesterification reaction with 
methanol. A series of manganese-ceria catalysts, with Mn/Ce 
atomic ratio ranging between 0.4 and 3.4, was prepared via the 
redox-precipitation route. Independently of Mn loading, the redox- 
precipitation method for the preparation of Mn-based systems 
allowed to obtain always high dispersed catalysts and, as a con- 
sequence, a linear relationship between reaction rate and Mn 
loading was obtained. NH3-TPD and CO2-TPD measurements indi- 
cate that MnCeOx systems are characterized by a prevalent nature 
of basic sites. However, the catalyst performance is the result of a 
synergic role played by both the surface acid/base character and 
textural porosity Jiménez-L6pez et al. [77] prepared a series of zir- 
conium doped MCM.-41 silica supported WO, solid acid catalysts by 
impregnation with ammonium metatungstate, with WO3 loading 
ranging from 5 to 25 wt.%. The maximum activity (82 wt.% of FAME 
yield) was found for the catalyst with 15 wt.% WO3 loading, which 
was able to simultaneously catalyze the esterification reaction of 
FFA and transesterification of triglycerides present in a simulated 
used oil, with high acidity degree (9.1%). Moreover, the catalytic 
activity was maintained in the presence of 5 wt.% of water and after 
three cycles of reutilization, without any catalyst treatment. 

Omar and Amin [78] carried out the heterogeneous transesteri- 
fication of waste cooking palm oil to biodiesel over Sr/ZrO> catalyst. 
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Bifunctional heterogeneous catalysts for simultaneous esterification and transesterification reactions. 


Catalyst 


Feedstock 


FFA (wt.%) 


Optimum reaction 
conditions 


Biodiesel FAME yield 


Refs. 


Quintinite-3T 


K/TiO2 


MgO/TiO2 


K-ITQ-6 


MnCeO, 


WO3/Zr-MCM-41 


Sr/ZrO2 


K-Pumice 


Canola oil 


Waste vegetable oil 


Coffee oil 


Canola oil 


Waste cooking oil 


Waste oilseed fruits 


Sunflower oil 


Sunflower oil 


Waste cooking palm oil 


Sunflower oil 


Waste oil 


15 


33 


3.6% 


5.58 


0.07 


9.1 


5.08? 


0.17? 


2.02? 


T=75°C,t=2h 
Methanol/oil=12:1 
Catalyst amount = 10 wt.% 
T=75°C,t=6h 
Methanol/oil = 12:1 
Catalyst amount = 10 wt.% 
T=75°C,t=4h 
Methanol/oil = 12:1 
Catalyst amount = 10 wt.% 
T=70°C,t=5h 
Methanol/oil = 36:1 
Catalyst amount = 6 wt.% 
T=170°C,t=6h 
Methanol/oil =50:1 
Catalyst amount = 10 wt.% 
T=180°C, t=48h 
Methanol/oil = 20:1 
Catalyst amount = 5 wt.% 
T=140°C, t=5h 
Methanol/oil = 12:1 
Catalyst amount = 1 wt.% 
T=115.5°C, t=2.5h 
Methanol/oil = 12:1 
Catalyst amount = 10 wt.% 
T=115.5°C, t=87 min 
Methanol/oil = 29:1 
Catalyst amount = 2.7 wt.% 
T=55°C,t=2h 
Methanol/oil = 18:1 
Catalyst amount = 20 wt.% 
T=60°C, t=4h 
Methanol/oil =21:1 
Catalyst amount = 20 wt.% 


97.28%? 


97.72%? 


96.6% 


100%? 


91.6% 


87% 


x86% 


79.7% 


FAME yield = 79.7% 


95.6% 


90.9% 


[14] 


[79] 


73] 


74] 


75] 


76] 


77] 


78] 


a Acid value (mg KOH/g). 


> Presented by authors as “conversion” in bibliography. 


Table 4 


Strong acids solids as catalysts for simultaneous esterification and transesterification reactions. 


Catalyst 


Feedstock 


FFA (wt.%) 


Optimum reaction 
conditions 


Biodiesel FAME yield 


Refs. 


S04-Zr0> 


SO42- |ZrO2/Al203 


S042- [ZrO2/SiO2 


S04% /ZrO2-TiO; /La3* 


Fe-Zn cyanide complexes 


Carbon-based solid acid 


S042- /SnO2-Si02 


Purified palm oil 


Palm fatty acids 


Jatropha curcas L. oil 


Sunflower oil 


Acid oil 


Vegetable oil 


Cottonseed oil 


Croton megalocorpus oil 


Moringa oleifera oil 


93 


0.02277 


119.584 


10 


50 


4.87 


2.29 


T=250°C, t=10 min 
Methanol/oil =25:1 
Catalyst amount =0.5 wt.% 
T=250°C, t=1 min 
Methanol/oil =6:1 
Catalyst amount =0.5 wt.% 
T=150°C, t=4h 
Methanol/oil = 9.88:1 
Catalyst amount = 7.61 wt.% 
T=200°C, t=6h 
Ethanol/oil = 12:1 

Catalyst amount = 14.6 wt.% 
T=200°C, t=2h 
Methanol/oil = 15:1 
Catalyst amount = 5 wt.% 
T=160°C,t=8h 
Methanol/oil = 16:1 
Catalyst amount =3 wt.% 
T=220°C,t=4.5h 
Methanol/oil = 16.8:1 
Catalyst amount = 0.2 wt.% 
T=180°C,t=2h 
Methanol/oil = 15:1 
Catalyst amount =3 wt.% 
T=150°C, t=2.5h 
Methanol/oil = 19.5:1 
Catalyst amount =3 wt.% 


90.32% 


91.5% 


90% 


98%> 


94.8% 


95% 


84% 


[81] 


[83] 


[84] 


[85] 


[86] 


[87] 


[88] 


[89] 


a Acid value (mg KOH/g). 


b Presented by authors as “conversion” in bibliography. 
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Strontium metal doped on catalyst increased the amphoteric nature 
of zirconia, which contained basic and acid sites. The presence of 
both basic and acid sites in Sr/ZrO2 facilitated simultaneous trans- 
esterification and esterification reactions. 

Borges et al. [79] have studied natural porous silica material, 
pumice, as heterogeneous catalyst in the transesterification reac- 
tion of sunflower oil and waste oil with methanol for biodiesel 
production. This low cost natural porous material was subjected 
to ion exchange with a KOH aqueous solution in order to increase 
its activity. Potassium was loaded in the pumice natural material 
by ionic exchange. It demonstrated to be an efficient heteroge- 
neous particulate catalyst for the triglycerides transesterification 
and free fatty acids esterification from sunflower oil and waste oil 
at low temperature (55°C). The high yields obtained with waste 
oil as feedstock indicated a bifunctional behavior of the catalytic 
material. 

The optimum reaction conditions for bifunctional solid catalysts 
summarized in this work are showed in Table 3. 

Other way to biodiesel production from both FFA esterifica- 
tion and triglycerides transesterification is the use of strong acids 
solids with a high concentration of catalytic sites [80]. Then, 
an overview about the latest strong solid acids developed is 
showed. 

Petchmala et al. [81] demonstrated that FAME production by 
transesterification of purified palm oil and esterification of palm 
fatty acids in near-critical and super-critical methanol was efficient 
in the presence of SO,4-ZrO2 catalyst. Sulfated zirconia catalysts 
were prepared with several sulfur loading contents and two cal- 
cination temperatures (500°C, 700°C). The NH3 and CO2 TPD 
measures revealed that the sulfur content and calcination tem- 
perature strongly affects the catalyst base-acid site and thus the 
catalytic reactivity. The amount of acid sites increased with sulfur 
content in ZrO, until 1.8% value, and it decreased with further sulfur 
loading (2.5%). The abundance of base sites decreased proportion- 
ately with the sulfur content in ZrO. In addition, when calcination 
temperature increased, the amount of acid sites decreased while 
the base sites increased. SO4-ZrOz with 1.8% sulfur loading con- 
tent calcined at 500°C proved to be the most active catalyst for the 
palm oil transesterification and the palm fatty acids esterification 
reactions. 

Due to the fact that sulfated zirconia is a heterogeneous acid 
catalyst with very strong acidic sites [82], in the last year some 
researchers have supported it on alumina [83] and silica [84], get- 
ting esterification and transesterification simultaneous reactions 
for vegetable oils with high FFA content as feedstock, using appro- 
priate operation conditions. 

Moreover, Li et al. [85] prepared a new type of superacid solid 
catalyst (SO42~ /ZrO2-TiO>) loaded with lanthanum, which was pre- 
pared by precipitation and impregnation method. This superacid 
solid catalyst proved to be effective for simultaneous transesterifi- 
cation and esterification reactions using acid oil containing about 
60 wt.% free fatty acids as feedstock. The catalyst was reutilized for 
five runs showing little loss in activity. 

Yan et al. [86] reported double-metal cyanide complexes of 
Fe?* and Zn% as solid catalyst for biodiesel production from veg- 
etable oils by combined esterification/transesterification reactions. 
This catalyst was prepared through co-reaction of potassium fer- 
rocyanide, zinc chloride and complexing agent of tert-butanol. It 
was demonstrated that the catalyst preparation method signifi- 
cantly influences its physical (surface area and crystallinity) and 
catalytic properties. The surfactant molecules might have an effect 
on reducing the crystanillity and increasing the density of actives 
sites, thereby increasing the catalytic activity in both esterifica- 
tion and transesterification reactions. It was found that unsaturated 
Zn2* is probably the active (Lewis acid) site for both esterification 
and transesterification reactions. 


Shu et al. [87] prepared a carbon-based solid acid catalyst by 
sulfonation of carbonized vegetable oil asphalt. This catalyst was 
employed to simultaneously catalyze esterification and transester- 
ification reaction to synthesize biodiesel when a waste vegetable 
oil with large amounts of free fatty acids was used as feedstock. 
The solid acid consisted of a flexible carbon-based framework with 
highly dispersed polycyclic aromatic hydrocarbons containing sul- 
fonic acid groups. The high catalytic activity and stability of this 
catalyst was related to its high acid site density (—OH, Bronsted acid 
sites), hydrophobicity that prevented the hydration of —OH species, 
hydrophilic functional groups (—SO3H) that gave improved acces- 
sibility of methanol to the triglyceride and FFAs, and large pores 
that provided more acid sites for the reactants. 

Some researchers have successfully produced biodiesel from 
Croton megalocorpus oil [88] and Moringa oleifera oil [89] using sul- 
fated tin oxide enhanced with SiO, (SO42~ /SnO2-SiO> ) as super acid 
solid catalyst. The catalyst was found to be able to perform esteri- 
fication and transesterification reactions simultaneously in which 
the acid value in the oils was reduced to a minimum value and high 
yield of biodiesel could be attained without producing any soap. 

The optimum reaction conditions for each strong acid solid dis- 
cussed before are showed in Table 4. 


5. Future perspectives 


The presence of acid and basic sites on the surface of a catalyst 
shows to be the best future development to produce biodiesel using 
heterogeneous catalysis as it avoids the problems caused by the use 
of homogeneous catalysts and, moreover, it allows carrying out the 
biodiesel production process in a single step. 

The bifunctional solids and the strong acids solids as catalysts 
are presented as the new way to develop the biodiesel production 
by heterogeneous catalytic transesterification reaction, because 
they can catalyzed both free fatty acids esterification reaction and 
triglycerides transesterification at the same time. 


References 


[1] Enweremadu CC, Mbarawa MM. Technical aspects of production and analysis of 
biodiesel from used cooking oil - a review. Renewable and Sustainable Energy 
Reviews 2009; 13:2205-24. 

[2] Leung DYC, Wu X, Leung MKH. Areview on biodiesel production using catalyzed 
transesterification. Applied Energy 2010;87:1083-95. 

[3] Chen Y, Xiao B, Chang J, Fu Y, Lv P, Wang X. Synthesis of biodiesel from waste 
cooking oil using immobilized lipase in fixed bed reactor. Energy Conversion 
and Management 2009;50:668-73. 

[4] Guerreiro L, Pereira PM, Fonseca IM, Martin-Aranda RM, Ramos AM, Dias JML, 
et al. PVA embedded hydrotalcite membranes as basic catalysts for biodiesel 
synthesis by soybean oil methanolysis. Catalysis Today 2010;156:191-7. 

[5] Math MC, Kumar SP, Chetty SV. Technologies for biodiesel production from used 
cooking oil - a review. Energy for Sustainable Development 2010;14:339-45. 

[6] Zabeti M, Daud WMAW, Aroua MK. Activity of solid catalysts for biodiesel 
production: a review. Fuel Processing Technology 2009;90:770-7. 

[7] Sharma YC, Singh B, Korstad J. Latest developments on application of heteroge- 
nous basic catalysts for an efficient and ecofriendly synthesis of biodiesel: a 
review. Fuel 2011;90:1309-24. 

[8] Helwani Z, Othman MR, Aziz N, Fernando WJN, Kim J. Technologies for pro- 
duction of biodiesel focusing on green catalytic techniques: a review. Fuel 
Processing Technology 2009;90:1502-14. 

[9] Juan JC, Kartika DA, Wu TY, Hin TYY. Biodiesel production from jatropha oil by 
catalytic and non-catalytic approaches: an overview. Bioresource Technology 
2011;102:452-60. 

[10] Banerjee A, Chakraborty R. Parametric sensitivity in transesterification of waste 
cooking oil for biodiesel production - a review. Resources, Conservation and 
Recycling 2009;53:490-7. 

[11] Vyas AP, Verman JL:, Subrahmanyam N. A review on FAME production pro- 
cesses. Fuel 2010;89:1-9. 

[12] Lam MK, Lee KT, Mohamed AR. Homogeneous, heterogeneous and enzymatic 
catalysis for transesterification of high free fatty acid oil (waste cooking oil) to 
biodiesel: a review. Biotechnology Advances 2010;28:500-18. 

[13] Meher LC, Sager DV, Naik SN. Technical aspects of biodiesel production by 
transesterification - a review. Renewable and Sustainable Energy Reviews 
2006; 10:248-68. 


2848 M.E. Borges, L. Diaz / Renewable and Sustainable Energy Reviews 16 (2012) 2839-2849 


[14] Kondamudi N, Mohapatra SK, Misra M. Quintinite as a bifunctional het- 
erogeneous catalyst for biodiesel synthesis. Applied Catalysis A: General 
2011;393:36-43. 

[15] Semwal S, Arora AK, Badoni RP, Tuli DK. Biodiesel production using heteroge- 
neous catalysts. Bioresource Technology 2011;102:2151-61. 

[16] Janaun J, Ellis N. Perspectives on biodiesel as a sustainable fuel. Renewable and 
Sustainable Energy Reviews 2010;14:1312-20. 

[17] Hara M. Environmentally benign production of biodiesel using heterogeneous 
catalysts. ChemSusChem 2009;2:129-35. 

[18] Lotero E, Liu Y, Lopez DE, Suwannakarn K, Bruce DA, Goodwin JJG. Synthesis 
of biodiesel via acid catalysis. Industrial and Engineering Chemistry Research 
2005;44:5353-63. 

[19] Yan S, DiMaggio C, Mohan S, Kim M, Salley SO, Simon KY. Advance- 
ments in heterogeneous catalysis for biodiesel synthesis. Topics in Catalysis 
2010;53:721-36. 

[20] Viriya-empikul N, Krasae P, Puttasawat B, Yoosuk B, Chollacoop N, Faung- 
nawakij K. Waste shells of mollusk and egg as biodiesel production catalyst. 
Bioresource Technology 2010;101:3765-7. 

[21] Cho YB, Seo G. High activity of acid-treated quail eggshell catalyst in 
the transesterification of palm oil with methanol. Bioresource Technology 
2010;101:8515-9. 

[22] Yoosuk B, Udomsap P, Puttasawat B, Krasae P. Modification of calcite by 
hydration-dehydration method for heterogeneous biodiesel production pro- 
cess: the effects of water on properties and activity. Chemical Engineering 
Journal 2010;162:135-41. 

[23] Verziu M, Coman SM, Richards R, Parvulescu VI. Transesterification of vegetable 
oils over CaO catalysts. Catalysis Today 2011;167:64-70. 

[24] Vujicic D, Comic D, Zarubica A, Micic R, Boskovic G. Kinetics of biodiesel synthe- 
sis from sunflower oil over CaO heterogeneous catalyst. Fuel 2010;89:2054-61. 

[25] Martin Alonso D, Vila F, Mariscal R, Ojeda M, López Granados M, Santamaría- 
Gonzalez J. Relevance of the physicochemical properties of CaO catalyst 
for the methanolysis of triglycerides to obtain biodiesel. Catalysis Today 
2010;158:114-20. 

[26] Yoosuk B, Udomsap P, Puttasawat B, Krasae P. Improving transesterifi- 
cation activity of CaO with hydration technique. Bioresource Technology 
2010;101:3784-6. 

[27] Lopez-Granados M, Alba-Rubio AC, Vila F, Martin Alonso D, Marisacl R. Surface 
chemical promotion of Ca oxide catalyst in biodiesel production reaction by 
the addition of monoglycerides, diglycerides and glicerol. Journal of Catalysis 
2010;276:229-36. 

[28] Wen L, Wang Y, Lu D, Hu S, Han H. Preparation of KF/CaO nanocatalyst and 
its application in biodiesel production from Chinese tallow seed oil. Fuel 
2010;89:2267-71. 

[29] Encimar JM, Gonzalez JF, Pardal A, Martinez G. Rape oil transesterification over 
heterogeneous catalysts. Fuel Processing Technology 2010;91:1530-6. 

[30] Alba-Rubio A, Santamaria-Gonzdlez J, Mérida-Robles JM, Moreno-Tost R, 
Martin-Alonso D, Jiménez-Lopez A, et al. Heterogeneous transesterification 
processes by using CaO supported on zinc oxide as basic catalysts. Catalysis 
Today 2010;149:281-7. 

[31] Zabeti M, Daud WMAW, Aroua MK. Biodiesel production using alumina- 
supported calcium oxide: an optimization study. Fuel Processing Technology 
2010;91:243-8. 

[32] Liu C, Lv P, Yuan Z, Yan F, Luo W. The nanometer magnetic solid base catalyst 
for production of biodiesel. Renewable Energy 2010;35:1531-6. 

[33] Wen Z, Yu X, Tu S, Yan J, Dahlquist E. Synthesis of biodiesel from vegetable 
oil with methanol catalyzed by Li-doped magnesium oxide catalyst. Applied 
Energy 2010;87:743-8. 

[34] Mutreja V, Singh S, Ali A. Biodiesel from mutton fat using KOH impregnated 
MgO as heterogeneous catalyst. Renewable Energy 2011;36:2253-8. 

[35] Tantirungrotechai J, Chotmongkoolsap P, Pohmakotr M. Synthesis, character- 
ization, and activity in transesterification of mesoporous Mg-Al mixed-metal 
oxides. Microporous and Mesoporous Materials 2010;128:41-7. 

[36] Fraile JM, Garcia N, Mayoral JA, Pires E, Roldan L. The basicity of mixed oxides 
and the influence of alkaline metals: the case of transesterification reactions. 
Applied Catalysis A: General 2010;387:67-74. 

[37] Ngamcharussrivichai C, Nunthasanti P, Tanachai S, Bunyakiat K. Biodiesel pro- 
duction through transesterification over natural calciums. Fuel Processing 
Technology 2010;91:1409-15. 

[38] Ilgen O. Dolomite as a heterogeneous catalyst for transesterification of canola 
oil. Fuel Processing Technology 2011;92:452-5. 

[39] Taufiq-Yap YH, Lee HV, Hussein MZ, Yunus R. Calcium-based mixed oxide cata- 
lyst for methanolysis of Jatropha curcas oil to biodiesel. Biomass and Bioenergy 
2011;35:827-34. 

[40] Gao L, Teng G, Xiao G, Wei R. Biodiesel from pal oil via loading KF/Ca-Al hydro- 
talcite catalyst. Biomass and Bioenergy 2010;34:1283-8. 

[41] Chantrasa A, Phlernjai N, Goodwin Jr JG. Kinetics of hydrotalctes catalyzed 
transesterification of tricaprylin and methanol for biodiesel synthesis. Chemi- 
cal Engineering Journal 2011;168:333-40. 

[42] Navajas A, Campo I, Arzamendi G, Hernandez WY, Bobadilla LF, Centeno MA, 
et al. Synthesis of biodiesel from the methanolysis of sunflower oil using 
PURAL® Mg-Al hydrotalcites as catalyst precursors. Applied Catalysis B: Envi- 
ronmental 2010;100:299-309. 

[43] Silva CCCM, Ribeiro NFP, Souza MMVM, Aranda DAG. Biodiesel production 
from soybean oil and methanol using hydrotalcites as catalyst. Fuel Processing 
Technology 2010;91:205-10. 


[44] Deng X, Fang Z, Liu Y, Yu C. Production of biodiesel from Jatropha oil catalyzed 
by nanosized solid basic catalyst. Energy 2011;36:777-84. 

[45] Samart C, Chaiya C, Reubroycharoen P. Biodiesel production by methanolysis 
of soybean oil using calcium supported on mesoporous silica catalyst. Energy 
Conversion and Management 2010;51:1428-31. 

[46] Guo F, Peng ZG, Dai JY, Xiu ZL. Calcined sodium silicate as solid base catalyst 
for biodiesel production. Fuel Processing Technology 2010;91:322-8. 

[47] Kim MJ, Kim MY, Kwon OZ, Seo G. Transesterification of vegetable oils over 
a phosphazenium hydroxide catalyst incorporated onto silica. Fuel Processing 
Technology 2011;92:126-31. 

[48] Jiménez-Morales I, Santamaria-Gonzalez J, Maireles-Torres P, Jiménez-Lopez A. 
Zirconium doped MCM-41 supported WO; solid acid catalysts for the esterifi- 
cation of oleic acid with methanol. Applied Catalysis A: General 2010;379:61-8. 

[49] Park YM, Lee JY, Chung SH, Park IS, Lee SY, Kim DK, et al. Esterification of used 
vegetable oils using the heterogeneous WO3/ZrO, catalyst for production of 
biodiesel. Bioresource Technology 2010;101:S59-61. 

[50] Carmo Jr AC, de Souza LKC, da Costa CEF, Longo E, Zamian JR, da Rocha Filho 
GN. Production of biodiesel by esterification of palmitic acid over mesoporous 
aluminosilicate Al-MCM-41. Fuel 2009;88:461-8. 

[51] Srilatha K, Lingaiah N, Prabhavathi Devi BLA, Prasad RBN, Venkateswar S, Sai 
Prasad PS. Esterification of free fatty acids for biodiesel production over het- 
eropoly tungstate supported on niobia catalysts. Applied Catalysis A: General 
2009;365:28-33. 

[52] Nascimento LAS, Angélica RS, da Costa CEF, Zamian JR, da Rocha Filho GN. 
Comparative study between catalysts for esterification prepared from kaolins. 
Applied Clay Science 2011;51:267-73. 

[53] SathyaSelvabala V, Varathachary TK, Selvaraj DK, Ponnusamy V, Subramanian S. 
Removal of free fatty acid in Azadirachta indica (Neem) seed oil using phospho- 
ric acid modified mordenite for biodiesel production. Bioresource Technology 
2010;101:5897-902. 

[54] Zatta L, da Costa Gardolinski JEF, Wypych F. Raw halloysite as reusable het- 
erogeneous catalyst for esterification of lauric acid. Applied Clay Science 
2011;51:165-9. 

[55] Lee J-S, Saka S. Biodiesel production by heterogeneous catalysts and supercrit- 
ical technologies. Bioresource Technology 2010;101:7191-200. 

[56] Park YM, Chung SH, Eom HJ, Lee JS, Lee KY. Tungsten oxide zirconia as solid 
superacid catalyst for esterification of waste acid oil (dark oil). Bioresource 
Technology 2010;101:6589-93. 

[57] Kim M, DiMaggio C, Yan S, Wang H, Salley SO, Simon Ng KY. Performance of 
heterogeneous ZrO2 supported metaloxide catalysts for brown grease esterifi- 
cation and sulfur removal. Bioresource Technology 2011;102:2380-6. 

[58] Rattanaphra D, Harvey AP, Thanapimmetha A, Srinophakun P. Kinetic of myris- 
tic acid esterification with methanol in the presence of triglycerides over 
sulfated zirconia. Renewable Energy 2011;36:2679-86. 

[59] Yadav GD, Nair JJ. Sulfated zirconia and its modified versions as promis- 
ing catalysts for industrial processes. Microporous and Mesoporous Materials 
1999;33:1-48. 

[60] Brei VV. Superacids based on zirconium dioxide. Theoretical and Experimental 
Chemistry 2005;41:165-75. 

[61] Feng Y, He B, Cao Y, Li J, Liu M, Yan F, et al. Biodiesel production using 
cation-exchange resin as heterogeneous catalyst. Bioresource Technology 
2010;101:1518-21. 

[62] Feng Y, Zhang A, Li J, He B. A continuous process for biodiesel production in a 
fixed bed reactor packed with cation-exchange resin as heterogeneous catalyst. 
Bioresource Technology 2011;102:3607-9. 

[63] Tesser R, Di Serio M, Casale L, Sannino L, Ledda M, Santacesaria E. Acid exchange 
resins deactivation in the esterification of free fatty acids. Chemical Engineering 
Journal 2010;161:212-22. 

[64] Park JY, Kim DK, Lee JS. Esterification of free fatty acids using water- 
tolerable Amberlyst as a heterogeneous catalyst. Bioresource Technology 
2010;101:S62-5. 

[65] Park JY, Wang ZM, Kim DK, Lee JS. Effects of water on the esterification of free 
fatty acids by acid catalysts. Renewable Energy 2010;35:614-8. 

[66] Son SM, Kimura H, Kusakabe K. Esterification of oleic acid in a three-phase, 
fixed-bed reactor packed with a cation exchange resin catalyst. Bioresource 
Technology 2011;102:2130-2. 

[67] Canakci M, van Gerpen J. Biodiesel production from oils and fats with high free 
fatty acids. Transactions of the ASAE 2001;44:1429-36. 

[68] Hayyan A, Alam Md Z, Mirghani MES, Kabbashi NA, Hakimi NINM, Siran YM, 
et al. Sludge palm oil as a renewable raw material for biodiesel production by 
two-step processes. Bioresource Technology 2010;101:7804-11. 

[69] Charoenchaitrakool M, Thienmethangkoon J. Statistical optimization for 
biodiesel production from waste frying oil through two-step catalyzed process. 
Fuel Processing Technology 2011;92:112-8. 

[70] Wang Y, Ou S, Liu P, Zhang Z. Preparation of biodiesel from waste cook- 
ing oil via two-step catalyzed process. Energy Conversion and Management 
2007;48:184-8. 

[71] Patil P, Deng S, Rhodes JI, Lammers PJ. Conversion of waste cooking oil 
to biodiesel using ferric sulfate and supercritical methanol processes. Fuel 
2010;89:360-4. 

[72] RomanoS. Vegetable oil—a new alternative. In: Proceedings of the international 
conference on plant and vegetable oils as fuels. 1982. p. 106-16. August 2-4. 

[73] Salinas D, Guerrero S, Araya P. Transesterification of canola oil on 
potassium-supported TiO catalysts. Catalysis Communications 2010;11: 
773-7. 


M.E. Borges, L. Diaz / Renewable and Sustainable Energy Reviews 16 (2012) 2839-2849 2849 


[74] Wen Z, Yu X, Tu ST, Yan J, Dahlquist E. Biodiesel production from waste 
cooking oil catalyzed by TiO2-MgO mixed oxides. Bioresource Technology 
2010;101:9570-6. 

[75] Macario A, Giordano G, Onida B, Cocina D, Tagarelli A, Giuffré AM. Biodiesel 
production process by homogeneous/heterogeneous catalytic system using an 
acid-base catalyst. Applied Catalysis A: General 2010;378:160-8. 

[76] Cannilla C, Bonura G, Rombi E, Arena F, Frusteri F. Highly effective MnCeO, 
catalysts for biodiesel production by transesterification of vegetable oils with 
methanol. Applied Catalysis A: General 2010;382:158-66. 

[77] Jiménez-Lopez A, Jiménez-Morales I, Santamaria-Gonzalez J, Maireles-Torres 
P. Biodiesel production from sunflower oil by tungsten oxide supported on 
zirconium doped MCM-41 silica. Journal of Molecular Catalysis A: Chemical 
2011;335:205-9. 

[78] Omar WNNW, Amin NASA. Optimization of heterogeneous biodiesel produc- 
tion from waste cooking palm oil via response surface methodology. Biomass 
and Bioenergy 2011;35:1329-38. 

[79] Borges ME, Diaz L, Alvarez-Galvan MC, Brito A. High performance heteroge- 
neous catalyst for biodiesel production from vegetal and waste oil at low 
temperature. Applied Catalysis B: Environmental 2011;102:310-5. 

[80] Iglesias J, Melero JA, Bautista LF, Morales G, Sanchez-Vazquez R, Andreola MT, 
et al. Zr-SBA-15 as an efficient acid catalyst for FAME production from crude 
palm oil. Catalysis Today 2011;167:46-55. 

[81] Petchmala A, Laosiripojana N, Jongsomjit B, Goto M, Panpranot J, Mekasuwan- 
dumrong O, et al. Transesterification of palm oil and esterification of palm 
fatty acid in near- and super-critical methanol with SO4-ZrO> catalysts. Fuel 
2010;89:2387-3239. 


[82] Zhao J, Yue Y, Hua W, He H, Gao Z. Catalytic activities and properties of sulfated 
zirconia supported on mesostructured y-Al203. Applied catalysis A: General 
2008;336:133-9. 

[83] Yee KF, Lee KT, Ceccato R, Abdullah AZ. Production of biodiesel from 
Jatropha curcas L. oil catalyzed by SO4?-/ZrO2 catalyst: effect of inter- 
action between process variables. Bioresource Technology 2011;102: 
4285-9. 

[84] Jiménez-Morales I, Santamaria-Gonzalez J, Maireles-Torres P, Jiménez-L6pez 
A. Calcined zirconium sulfate supported on MCM-41 silica as acid cata- 
lyst for ethanolysis of sunflower oil. Applied Catalysis B: Environmental 
2011;103:91-8. 

[85] Li Y, Zhang XD, Sun L, Xu M, Zhou WG, Liang XH. Solid superacid catalyzed 
fatty acid methyl esters production from acid oil. Applied Energy 2010;87: 
2369-73. 

[86] Yan F, Yuan Z, Lu P, Luo W, Yang L, Deng L. Fe-Zn double-metal cyanide com- 
plexes catalyzed biodiesel production from high-acid-value oil. Renewable 
Energy 2011;36:2026-31. 

[87] Shu Q, Gao J, Nawaz Z, Liao Y, Wang D, Wang J. Synthesis of biodiesel from 
waste vegetable oil with large amounts of free fatty acids using a carbon-based 
solid acid catalyst. Applied Energy 2010;87:2589-96. 

[88] Kafuku G, Lam MK, Kansedo J, Lee KT, Mbarawa M. Croton megalocarpus oil: a 
feasible non-edible oil source for biodiesel production. Bioresource Technology 
2010;101:7000-4. 

[89] Kafuku G, Lam MK, Kansedo J, Lee KT, Mbarawa M. Heterogeneous catalyzed 
biodiesel production from Moringa oleifera oil. Fuel Processing Technology 
2010;91:1525-9. 


